On the basis of CP invariance, octet dominance and unsubtracted dispersion relations nonleptonic decays of hyperons have been studied. A new interpretation of the Lee-Sugawara sum rule is proposed for both S-and P-wave decays, and the decay amplitudes are evaluated. The agreement between theory and experiment is reasonably good. § I. Introduction
The interpretation of nonleptonic decays poses a difficult problem even at the phenomenological level in contrast to leptonic and semileptonic decays. This phenomenon presents various interesting regularities and characteristic features, but it seems rather difficult to account for these properties on the basis of the current-current interaction. Combination of the soft-pion technique and current algebra, for instance, is effective only for the S-wave decays.
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The characteristic features of nonleptonic decays, among others, are (1) the J.I = 1/2 rule and octet dominance as its generalization to the SU(3) scheme, and (2) the Lee-Sugawara sum rule. 6 )"" 8 )
Any model of nonleptonic decays should be able to explain these properties, but in reality, for instance, in the standard current-current interaction theory it is not trivial to deduce octet enhancemene), lO) and suppression of the 27 representation. One can prove the L-S sum rule for the S wave on the basis of CP invariance and octet dominance. 8 ) It is necessary, however, to introduce new dynamical principles in order to derive the L-S sum rule for the P wave.
The present work was motivated by the empirical agreement between experiment and the L-S sum rule for the P wave and also by the absence of a convincing theory of the relative decay amplitudes for the P wave. One of the basic assumptions employed in this paper is the hypothesis of unsubtracted dispersion relations or the bootstrap mechanism for nonleptonic decays. As one can see later this approach is closely related to the so-called duality, and one can understand the relative decay amplitudes for both S and P waves from a unified point of view. In this approach the presence of a number of baryon resonance states is assumed just as in the dual resonance model, although the final results are characteristically rather insensitive to the level structure.
We shall first view some characteristic features of the L-S sum rule from derlying the use of unsubtracted dispersion relations for nonleptonic decays.
Further in § 4, we shall introduce the irreducibility condition that provides the basis for determining the transformation properties of the decay amplitudes. With these preliminaries we evaluate the P-and S-wave decay amplitudes in § § 5 and 6, respectively. Theoretical relative decay amplitudes thus obtained agree reasonably well with experiment. § 2. The Lee-Sugawara sum rule
As has been mentioned already in the introduction one of the most characteristic features of nonleptonic decays is the .JI = 1/2 rule or octet dominance, a generalization of the former to the SU(3) scheme. The latter states that the nonleptonic decay amplitude transforms as a member of an octet under SU (3) transformations. In other words, the decay amplitude transforms according to an irreducible representation ·of the SU(3) group, and we shall propose a dynamical interpretation of the irreducibility based on unsubtracted dispersion relations in the following two sections. In the present section, however, we shall postulate the octet property and develop a phenomenological description of nonleptonic decays.
As is well known both charge conjugation (C) and parity (P) are violated in weak interactions, but conservation of the combination CP had been believed to be valid until the discovery of the decay mode KL 0~2 n in 1964 by the Princeton group.
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Although the violation of CP since then has been established experimentally the violation is slight and we may safely assume CP invariance in this paper.
The most general form of the decay amplitude for
satisfying the requirements of octet dominance and CP invariance may be written as follows.
(a) parity-violating amplitude (S wave) 
To the latter formula a term of the form b9 Tr (!!Jr5$) Tr (ffle) may be added, but it can be eliminated by making use of the linear dependence of the nine basic trace forms. 12 > In the above formulas $ and fP denote 3 x 3 matrices representing, respectively, the baryon octet and the pseudoscalar meson octet. We shall adopt the sign convention that -:E-, instead of g-, occupies
an appropriate element of !B.
Then immediately from Eq. (2 · 2) it follows that and consequently
This is precisely the L-S sum rule for the S wave. For the P wave one obtains and consequently
Hence the L-S sum rule for the P wave holds when and only when b2 =b4.
In order to justify the relationship (2 · 8) various symmetry arguments such as those based on the R or RP invariance have been made, 6 
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7 > but neither of them is consistent with the known properties of strong interactions. For that reason an attempt has been made in this paper to justify this relationship on the basis of a new dynamical principle.
We now shall call our attention to the fact that A 6 has been employed in Eqs. (2 · 2) and (2 · 3) to represent the spurion, and shall examine the following unphysical process instead of (2 ·1):
Then the corresponding amplitude is obtained by substituting Aa for P in Eq.
(2 · 2), and is readily found to vanish.
(2 ·10) Therefore, this selection rule is a consequence of CP invariance and octet dominance just it was the case for the L-S sum rule for the S wave. That the spinparity of the final state in (2 · 9) was chosen to be o+ is related to another selection rule
Next, we can easily derive from Eq. (2 · 2) that the following unphysical parity-violating decay of the K1° meson is forbidden:
In other words, the parity-violating decay of the K1° meson necessarily leads to non-strange (S = 0) final states. This is certainly consistent with the observed decay Kt-~ 2n. Now we shall extend the above observation to the parity-conserving decay modes. Corresponding to (2 · 9) in the parity-violating case we shall examine if the following unphysical process can be forbidden:
S=O. (2·13)
In other words let us check the condition under which the selection rule (2·14) holds. By substituting A 7 for P in (2 · 3) we easily find that Eq. (2 · 8) is the necessary and sufficient condition for (2 ·14) to hold. 13 
>
Thus we may conclude that on the basis of CP invariance and octet dominance the selection rule (2 ·14) is equivalent to the L-S sum rule for the P wave. This opens up a new way of looking at the L-S sum rule. It is perhaps worth mentioning that the selection rule (2 ·14) is consistent with the following empirical selection rule:
One of the dynamical assumptions characterizing our approach IS the hypothesis of unsubtracted dispersion relations for nonleptonic decays. The detailed account of this hypothesis has been given in articles by one of the present au-thors and his collaborators 14 )~la) so that we shall briefly recapitulate the essential ideas.
To begin with we shall list the main differences between strong and weak interactions.
(1) Order of magnitude of the coupling constants. The coupling constants m strong interactions are larger than those in weak interactions by many orders.
(2) Transformation properties. Strong interactions are characterized by various exact and approximate symmetries, but most of them are violated by weak interactions. In other words, these two kinds of interactions behave completely differently under various transformations.
(3) Renormalizability. In the Lagrangian description of strong interactions there is no direct evidence against the use of renormalizable interactions alone provided that particles of higher spins, such as the deuteron and vector mesons, are composite. It is completely an open question, however, how to accommodate Regge behavior at high energies and approximate chiral invariance at low energies in the renormalizable Lagrangian scheme.
In contrast to strong interactions empirical Lagrangians employed to describe weak interactions phenomenologically are exclusively unrenormalizable. For instance, the Fermi interaction and the derivative coupling used to describe n+ ~fl.++ v and n+ ~e+ + v with the same coupling constant are unrenormalizable.
In order to understand these major differences we shall introduce terminologies based on the primitive Lagrangian formulation of field theory. First, we shall define elementary and composite particles. The elementary particles are those whose field operators appear in the Lagrangian, and all the other particles are called composite particles. Likewise, those interactions that are present in the original Lagrangian are called fundamental, and those that are not present are called induced interactions. From the definitions above it is clear that composite particles have only induced interactions. In discussing the electromagnetic structure of the nucleons, two form factors are introduced. One of them corresponds to the Dirac interaction and the other to the Pauli interaction. If we take the principle of minimal electromagnetic interactions for granted, the former is a fundamental interaction, whereas the latter is an example of induced interactions. As is clear from the above example, induced interactions are not necessarily represented by phenomenological interactions of the renormalizable type. This remark also applies to the phenomenological interaction corresponding to the virtual transition d~p + n because of the unit spin of the deuteron.
In the renormaliza ble Lagrangian theory the renormalized coupling constants are regarded as adjustable parameters and the corresponding vertex functions are assumed to satisfy once-subtracted dispersion relations. The renormalized coupling constants are then introduced as subtraction constants, and renormalization is carried out implicitly through subtraction. Induced interactions are completely determined by the fundamental parameters such as the masses and the renor-malized coupling constants. There is then no room for arbitrary subtraction constants for induced interactions, and it is natural to assume unsubtracted dispersion relations for induced interactions. In fact, anomalous magnetic moments of various particles can be computed only under the assumption of unsubtracted dispersion relations for the Pauli form factors.
Also, if we had introduced subtracted dispersion relations for the induced interactions, we would not have been able to eliminate divergences from the theory unless an infinite number of subtractions is introduced.
Let us then postulate that the subtractions are required only by fundamental strong interactions of the renormalizable type. If we apply perturbation theory to evaluate the amplitudes for various processes, we reproduce only strong interactions with the exception of bound states. In this sense we find an essential difference between the induced Pauli interaction and the induced weak interactions. The former can be generated even in perturbation theory, while the latter, as well as bound states, can never be generated in perturbation theory. If all the weak interactions responsible for nonleptonic decays are assumed to be induced, we have to exploit the bootstrap mechanism to generate them since they violate symmetries present in the original strong interactions. We shall discuss nonleptonic decays from such a point of view.
As is obvious in the above arguments it is clear that there is no fundamental Hamiltonian representing weak interactions. On the other hand, we often find it convenient to introduce the effective Hamiltonian for weak interactions with the understanding that the unrenormalized coupling constants are zero, but the renormalized ones are non-vanishing as a consequence of the bootstrap mechanism.
One of the technical problems encountered in such an approach is concerned with the choice of an appropriate dispersion variable in which an unsubtracted dispersion relation can be written. Strictly speaking, unsubtracted dispersion relations are valid only when the absorptive parts vanish sufficiently rapidly as all the variables available are simultaneously increased. This is not very practical, however, and we shall put many of the variables on the mass shell. Consequently it so happens sometimes that an amplitude satisfies an unsubtracted dispersion relation in one variable but needs a subtraction in another variable. This question will be settled case by case, and from a practical point of view we interpret that the essence of unsubtracted dispersion relations consists in the absence of arbitrary parameters.
In nonleptonic decays the overall normalization is arbitrary, but the relative amplitudes are considered to be determined on the basis of these principles as we shall see in the later sections. § 4. Irreducibility condition Discussion of weak interactions based on dispersion relations and unitarity requires elaborate calculations in practice. When this approach is combined with symmetry arguments, however, we can derive useful results without detailed calculations. It is particularly important to study the transformation properties of weak interactions under groups which leave strong interactions exactly or approximately invariant. This problem is closely related to the selection rules imposed upon weak interactions, and it has been discussed in detail in earlier papers 14 )"" 16 ) so that in this paper we shall briefly review and extend the original argument. 16 ) Let us write the S-matrix elements for strong interactions in the form Sf:Ja =o 13 a -i(2nYiJ4(Pf:J-Pa) Tf:Ja.
(4·1)
The unitarity condition is then given by Introduction of 3-Cw is not absolutely necessary but convenient.
The unitarity condition for the weak form factors assumes the form
a By combining ( 4 · 6) with unsubtracted dispersion relations a coupled set of homogeneous integral equations is obtained for F's.
Existence of a non-trivial solution of a set" of homogeneous equations in general implies eigenvalue conditions to be satisfied and restricts the choice of fundamental parameters in T or in strong interactions. This situation has been illustrated in an earlier paper in connection with the derivation of the GoldbergerTreiman relation.
Let us assume that strong interactions are invariant, or approximately invariant to be more precise, under the SU(3) group, then a form factor Fa may be decomposed into irreducible representations of SU(3). where Fa<R) denotes a part of Fa which transforms according to an irreducible representation R. . Then both the unitarity condition ( 4 · 6) and unsubtracted dispersion relations are valid separately for each representation appearing in ( 4 · 7). In other words, equations for the form factors belonging to different representations are completely decoupled. Different sets of equations thus obtained imply different eigenvalue conditions to be imposed upon fundamental parameters in strong interactions. Since, however, we only have a finite number of such parameters, only a finite number of representations can remain in the sum ( 4 · 7). This result is referred to as the irreducibility theorem. We shall use this theorem, however, in a more restricted sense in this paper. In nonleptonic decays there are parity-conserving and -violating amplitudes. We assume that both amplitudes transform according to the octet representation of SU(3). In reality, other representations sneak in because of the approximate nature of the SU(3) symmetry and we have octet dominance instead of an exact octet rule. So far we have been concerned only with weak form factors defined by ( 4 · 5), but the formulation of weak interactions in terms of form factors is not necessarily practical. For instance, in studying processes like (2 ·1) at least three-body states have to be introduced as {3. Therefore, we shall consider a matrix element of the form The transformation property of the final state B 1 + nk is governed by
where D 1 and Dk are the octet representations obeyed by the baryon B 1 and the meson nk, respectively. On the other hand, it is also determined by (4 ·10) where Di and Dw are again the octet representations obeyed by the initial baryon Bi and the effective Hamiltonian !JCw, respectively. Therefore, what is really allowed is the intersection of ( 4 · 9) and ( 4 ·10), being generally a superposition of two or more irreducible representations. For instance, in the process A similar remark applies to the matrix element (4 ·12) which results from ( 4 · 8) by crossing. In this case, however, the transformation property is completely determined from that of ( 4 · 8) by means of the crossing transformation. In other words, transformation properties of the matrix elements in various channels are closely related through crossing. Thus, if one keeps only one irreducible representation in one channel it is generally impossible to satisfy crossing. This is a situation in sharp contrast to the irreducibility of the form factors. It so happens in some cases, however, that one ca:Q. choose one irreducible representation in a certain channel without violating the crossing properties. In distinction from the irreducibility of the effective Hamiltonian discussed in the beginning of this section, such an irreducibility will be referred to as the channel irreducibility. When such a choice is possible the channel irreducibility is always postulated as a result of an argument being an extension of the Hamiltonian irreducibility. § 5. P-wave hyperon decays
The decay amplitude for the process
Bi--')-B 1 + nk
Is defined by the formula
where p, p' and q denote the four-momenta of Bi, B 1 and 1Ck, respectively. !f-(w Is the effective weak Hamiltonian density. By covariance the most general form of the matrix element reads
where the Dirac spinor u is normalized by utu = 1. A and B represent, respectively, the parity-violating S-wave decay amplitude and the parity-conserving Pwave decay amplitude. When all the three particles in (5 ·1) are on the mass shell both A and B are constants. In order to write down dispersion relations, however, at least one of them must be put off the mass shell so that the virtual mass can be regarded as the disper:-;ion variable. In this way we may consider the following three variables:
u=-(p-qy,
where we have adopted the space-favored metric. The conservation of energymomentum implies p=p'+q,
no matter which of them is put off the mass shell. We can write down three different dispersion relations in the s, t and u channels depending on which particle is off the mass shell. This is not the only way, however, to formulate dispersion relations. We may, for instance, introduce a spurion of energy-momentum k and modify the conservation law (5 · 5) into p+k=p' +q. We shall put all the particles on the mass shell and at the same time shall assume k 2 = 0 so that we can maintain the Mandelstam relation
As we shall discuss in Appendix B this approach is useful in accommodating contributions from higher spins. In the discussion of weak form factors in the preceding section the condition P = 0 is not satisfied since we consider processes like (5·8)
In order to formulate dispersion relations in the s channel Eq. (5 · 3) may be rewritten as
The reduction formula for a spin 1/2 particle is given in Appendix A. Let us put the right-hand side of (5 · 9) without ui (p) for an arbitrary value of p equal to
/ uj(p') [F1(s) + CiPr+Mi)F2(s) +Fa(s)r5+r5(ipr+Mi)F4(s)], (5·10)
'V 2qo then the decay amplitudes A 1 i and B 1 i are given by ( 
·11)
We now assume unsubtracted dispersion relations for F's.
In what follows we shall put 
rcY ·~ (B;, rckjTtjn)(ni7J/(O) IO)o

(P' +q-pn).
2 n (5 ·14)
As an illustration we shall evaluate the P-wave decay amplitude by substitut-ing a J P = (1/2) + particle for the intermediate state n. First, let us put and substitute the above expression in (5 ·14) to obtain
Thus we have
n -s and hence The pole approximation introduced above will be used later in appropriate channels.
Generalizing the above treatment we shall introduce three form factors in the s, u and t channels by (5 ·18) where p = -p in the third equation and CfJk 1 is chosen to be hermitian. The form factors generally depend on Dirac matrices as illustrated in (5 ·10). When all the three particles are on the mass shell these three form factors must be equal so that
The over-all normalization of the decay amplitudes cannot be determined by un- subtracted dispersion relations, but the relative amplitudes are determined in each channel separately so that Eq. (5 ·19) imposes the consistency condition or the bootstrap condition on the theory. This restriction is very severe and is very helpful in fixing the relative decay amplitudes.
Pole approximation
What most concerns us in practical calculations is the approximation problem. The full use of the consistency condition (5 ·19) is subject to a serious approximation problem. For that reason we shall use only a part of (5 ·19) that can be evaluated relatively reliably. As an approximation method we shall employ the pole approximation discussed above when it seems sensible by taking account of contributions from various baryon resonances.
In an effort to seek for a reasonable approximation we shall , first consider pion-nucleon scattering which bears some resemblance to the present problem. In the S-wave scattering the vector-meson-exchange mechanism plays an important role in the t channel, while in the P-wave scattering baryon exchange is important. In other words, in discussing the P-wave problem we can evaluate the sand u-channel form factors, or at least their transformation properties, relatively reliably in a simple pole approximation stressing dominance of some irreducible representations of SU(3). On the other hand, in the S-wave problem only the t-channel form factor can be reliably evaluated. In order to write down a consistency condition for the S wave, however, we have to retain the s-and u-channel form factors in a certain combination. We have decided to keep the average of these baryon channel form factors that is crossing symmetric. On the basis of this suggestion we shall retain the equality (5. 20) for the P-wave decay, where the subscript pc refers to parity-conserving, while we shall us·e the relation Figs. 1 and 2 , respectively. These equations, as is clear from their graphical representations, carry a similarity to the duality condition, 17 ) but in distinction from the dual resonance model these equations are assumed only on the mass shell. In analogy to the dual resonance model, however, we have assumed the existence of various resonance states.
As seen from the s-channel unitarity condition (5 ·14) the only single particles that enter into intermediate states are spin 1/2 baryon resonances. Higher spin resonances cannot be accommodated in this scheme, bvt they would be taken into account in the form of many-particle states. As will be shown in Appendix In discussing the P-wave decay amplitudes we also introduce a model Hamiltonian for the parity-conserving weak interactions., This Hamiltonian expresses an effective Hamiltonian for the transitions (one baryon -'7one baryon).
where To Is defined by for J P = t + baryon resonances , for J P = t-baryon resonances .
( 5. 24) The term of the form Tr (93 {). 6 , $}) brings about a vanishing denominator in the first term of (5 · 25) in the symmetric limit. Even when mass differences among the baryon octet are introduced the same denominator destroys the octet behavior of the decay amplitudes. For these reasons we have not included such a term in the effective Hamiltonian. In evaluating the P-wave decay amplitudes we shall, for simplicity, assume degenerate masses within a multiplet, and shall define Ji by for the ith baryon resonance of t +, for the ith baryon resonance of t-,
where Mi is the degenerate mass of the ith baryon resonance. Then by making use of the formula (5 ·17) the P-wave decay amplitude calculated from the schannel dispersion relation is given by
The same amplitude can be obtained from the u-channel dispersion relation, and B<s> and B<u> are related to one another through the following transformation:
F~f, D~d.
(5. 26)
Then corresponding to (5 · 20) a consistency condition 1s obtained:
B(8) =B(U).
(5 ·27)
Both sides can be expressed in terms of fundamental traces introduced in § 2, and only those terms that are common to both sides of Eq. (5 · 27) can survive. The coefficient of all other terms should be put equal to zero, leading to eigenvalue restrictions.
General form of the P-wave decay amplitude
In the example discussed above Ji is chosen to be SU (3) invariant. In such a case the transformation properties of the P-wave decay amplitudes are determined by those of the absorptive parts. Assuming that this is really the case we shall study the general structure of B by studying its absorptive part. In this case it is not necessary to assume the pole approximation, but arbitrary intermediate states can be inserted. The most important point is which representations dominate in the intermediate states. As far as the SU (3) properties are concerned we may write 
t-channel dispersion relation
We have studied the B amplitude by means of dispersion relations in s and u channels. We shall study here the implications of the t-channel dispersion relation. As has been given by (5 ·18) the t-channel amplitude is expressed by There is no experimental evidence for this process, however, so that it may be reasonable to assume that processes obeying JS=O are forbidden, and we may choose the selection rule LIS= ±2. The L-S sum rule is satisfied by this amplitude as we have seen in § 2. In other words the origin of the L-S sum rule is the channel irreducibility for the P-wave decay amplitude. Furthermore, the assumption of the singlet-octet or nonet-decimet dominance uniquely specifies the possible form of B as given by (5·44) This form has been suggested by Rosen 19 ) from the phenomenological analysis of the P-wave decays, and the agreement with experimene 0 > is reasonably good as seen in Table I . The relative amplitudes are given by 
The selection rule (5 · 42) suggests the importance of the 27-plet representation in the t channel and this makes difficult the quantitative treatment of the tchannel dispersion relation. For that reason we have not studied it explicitly, and have made use of its qualitative aspects. § 6. S-wave hyperon decays
In the preceding section we have studied the P-wave decay amplitudes on the basis of a matching principle, and a question is immediately raised of whether it is possible to apply the same principle to the S-wave decay problem.
On the basis of an analogy with pion-nucleon scattering we may assume the validity of the pole approximation in the t channel. It is not clear, however, whether the same approximation can be used in the s and u channels. It is, as a matter of fact, dangerous to require a condition like (5 · 20) . For that reason we have formulated the consistency condition in the form of (5 · 21).
Again we shall start from a model Hamiltonian for the parity-violating weak interactions. 
As mentioned above we should not take the amplitude (6 · 3) too seriously.
Next we shall consider the t-channel dispersion relation, then the intermediate states have spin-parity o+. In order to employ the pole approximation we shall introduce octet scalar mesons represented by a 3 X 3 matrix (J, and shall assume the model Hamiltonians for strong and weak interactions .
The t-channel amplitude is then given by
The form (6 · 7) is consistent with (6 · 3), but is more restrictive. Thus one can write, as the most general form of the S-wave decay amplitude, the following expresswn:
The ratio c/ d is given by (6·9) and one has to introduce an additional assumption In order to determine this ratio. Thus the ratio c/d is completely determined.
The relative amplitude are then given by
where the particle symbols denote their respective masses. This result is identical with that of the vector-meson-exchange model. 16 >' 22 >- 24 > There is an important difference between them, however. The latter also accounts for the decay K 1° ~ 2n with the same set of coupling constants, but the 6 model leads to a vanishing matrix element for this process. This is because the process K1°~2n is known to be forbidden in the SU(3) symmetric limit when J(w transforms as a member of the octet. While in the vector-meson-exchange model the amplitude IS no longer of a pure OCtet. The vector-meson-exchange model leads to (6·15) which seems to be a member of an octet. On the mass shell, however, one can eliminate the derivative and (6 ·15) reduces to
It is clear now that this amplitude is a mixture of the octet and the 27-plet representations. This is the reason why this mechanism can give rise to nonvanishing contributions to K 1°~2 n. As far as hyperon decays are concerned, however, only the octet part of (6 ·16) contributes. Let us decompose 9? into non-strange and strange parts:
where In piOn emissiOn of hyperons one can replace 9? by Pns in (6 ·16), then (6 ·16)
Is modified into (6 ·18) This is precisely of the same form as (6 · 8) with (6 ·13).
In the conventional vector-meson-exchange model there is an appreciable discrepancy between S-wave hyperon decays and K 1°~2 n, and it may be attributed to the 6-meson exchange. Because of the importance of the vector-meson-exchange 
The term inside the bracket coincides with F< 3 > (f.l.k 2 ) in (5 ·19) in the limit k = 0.
We shall consider the absorptive part of the following process in the t channel:
q+ k~pL(vector) ~p' + p. This result differs from that of the Feynman-Dyson theory since the form factor in the latter implies a subtraction while we have adopted an unsubtracted dispersion relation here.
